Abstract Although methamphetamine and alcohol are commonly used together in a binge-like pattern, there is a dearth of empirical data investigating the repeated effects of this drug combination. The current study examined acute and residual mood, performance, and physiological effects of methamphetamine alone, alcohol alone, and the combination. Nine adult male volunteers completed this 20-day within-participant, residential laboratory study. During four 5-day blocks of sessions, participants were administered oral methamphetamine (0, 10 mg) combined with alcohol (0, 0.375, 0.75 g/kg) three times (day 2: AM, day 2: PM, and day 3: PM). Breath alcohol concentrations, cardiovascular, subjective, and cognitive/psychomotor performance effects were assessed before drug administration and repeatedly thereafter. Subjective and objective sleep measures were also assessed; residual effects were assessed on days 3-5 of each block. Following the first drug administration, the methamphetamine-alcohol combination produced greater elevations of heart rate and ratings of "good drug effect" compared to either drug alone. Methamphetamine attenuated alcohol-related performance decrements and feelings of intoxication, whereas alcohol attenuated methamphetaminerelated sleep disruptions. By the third administration, many of these effects were significantly diminished, suggesting that participants developed tolerance. Few residual effects were observed. These data show that methamphetamine combined with alcohol produced a profile of effects that was different from the effects of either drug alone. The largely positive effects of the drug combination (i.e., greater euphoria, and fewer performance and sleep disruptions) might explain why these drugs are often used in combination.
Introduction
Data from epidemiological studies indicate that club drugs, such as MDMA (3-methylenedioxymethamphetamine, 'ecstasy') and methamphetamine, are often used in combination with other drugs of abuse. For example, several researchers have reported that novice and experienced illicit methamphetamine users frequently use the stimulant in combination with alcohol (Semple et al. 2003; Parsons et al. 2007 ). For instance, Halkitis et al. (2005) observed that more than 60% of methamphetamine users in New York City reported regular use of the methamphetamine-alcohol combination. Additionally, Furr et al. (2000) observed that, relative to non-and moderate alcohol drinkers, individuals with daily episodes of alcohol intoxication were five times more likely to have used methamphetamine. Despite its relatively common use among methamphetamine users, this drug combination may have dangerous consequences. Data from hospital emergency departments indicate that alcohol is frequently mentioned in combination with methamphetamine (SAMHSA 2010) ; in 2008, this drug combination accounted for 24% of all methamphetamine-related emergency department episodes. Nevertheless, although these drugs are frequently used together, there is little empirical evidence investigating the interactive effects of methamphetamine and alcohol.
By comparison, the interactive effects of alcohol and other stimulants have received considerable experimental attention. For instance, researchers have observed that single-dose combinations of cocaine and alcohol produced relatively greater increases in heart rate and measures of euphoria (Foltin and Fischman 1988; Foltin et al. 1993; Perez-Reyes and Jeffcoat 1992; Farre et al. 1993 Farre et al. , 1997 Higgins et al. 1993; McCance-Katz et al. 1993 , 1998 . In contrast, on several other measures cocaine attenuated the effects of alcohol. For example, cocaine reduced alcohol-related psychomotor performance decrements and subjective feelings of inebriation Farre et al. 1993; Higgins et al. 1993) . Similar effects have been observed in investigations of the effects of alcohol combined with caffeine (e.g., Kerr et al. 1991; Drake et al. 2003 ) and D-amphetamine (e.g., . Given these findings, it is possible that individuals who use alcohol and stimulants do so in an effort to enhance the total level of intoxication and/or reduce the undesirable depressant effects of alcohol.
To our knowledge, there is only one published investigation of the effects of the methamphetamine-alcohol combination in humans. Mendelson and colleagues (1995) assessed the acute effects of a single dose of intravenous methamphetamine (30 mg) combined with oral alcohol (1 gm/kg) on physiological measures, mood, and psychomotor performance. Consistent with the data obtained from investigations of other stimulants, methamphetamine combined with alcohol increased heart rate and euphoria more than either drug alone and attenuated alcohol-related subjective feelings of intoxication; there were no drugrelated effects on psychomotor performance. It is important to note, however, that drug effects were only assessed following a single drug administration of the drug combination. Anecdotally, methamphetamine users often take the drugs in a binge-like pattern (i.e., multiple doses over the course of an evening and/or several days: Cho et al. 2001; Semple et al. 2003) . Given this situation, it is surprising that there are no published data assessing the consequences of repeated administration of the methamphetamine-alcohol combination on a wider range of measures, such as sleep and next-day mood and physiological effects.
Therefore, this study characterized methamphetamine and alcohol interactive effects following repeated administrations on physiological and subjective measures, cognitive/ psychomotor performance, and sleep. During this 20-day residential study, participants received oral methamphetamine (0, 10 mg) and/or alcohol (0, 0.375, 0.75 g/kg) on three consecutive occasions (i.e., the morning of day 2, the evening of day 2, and the evening of day 3). We hypothesized that the drug combination would (1) produce greater "positive" subjective effects compared to either drug alone; (2) decrease alcohol-related performance impairments and feelings of intoxication; and (3) increase sleep disruptions and residual effects compared to either drug alone.
Methods and materials

Participants
Adult stimulant and alcohol users were recruited via wordof-mouth referral and newspaper and online advertisement in New York City. All potential participants completed an initial telephone and an in-person medical and psychiatric evaluation. Eligibility criteria included a minimum of 21 years of age, reports of past year amphetamine use (i.e., D-amphetamine, methamphetamine, or MDMA) and current (i.e., past 30 days) alcohol use. Exclusion criteria included significant medical history (e.g., cardiovascular, neurological, or major psychiatric illnesses, excluding stimulant dependence) or any other condition that would increase risk for study participation.
Nine male research volunteers (six Black, one Hispanic, two White) completed this 20-day inpatient study; Table 1 provides individual participant demographic information. As a group, they were 41.1±3.9 (mean±SD) years old and had completed 13.6±1.6 (mean±SD) years of formal education. All passed comprehensive medical examinations and psychiatric interviews (i.e., Structured Clinical Interviews for DSM-IV) and were within normal weight ranges according to the 1983 Metropolitan Life Insurance Company height/ weight table (body mass index: 26.4±3.5 [mean±SD]). All participants reported current alcohol use (1-5 days/week; 3-7 drinks/day), and current cocaine use (1-6 days/week). Two participants reported current marijuana use (1-7 days/week), one reported current methamphetamine use (3 days/week), six smoked 5-10 tobacco cigarettes/day, and eight reported current caffeine use (1-9 cups/day). Three participants met criteria for cocaine dependence but no one was seeking treatment for his drug use and no one met criteria for any other Axis I disorder.
Participants were told that the purpose of the study was to evaluate the effects alcohol and other medications (i.e., an FDA-approved stimulant and/or sedative) on performance and subjective effects of volunteers living in a residential laboratory. Before study enrollment, each signed a consent form that was approved by the Institutional Review Board of The New York State Psychiatric Institute (NYSPI). Upon discharge, each participant was informed about experimental and drug conditions and was paid for participation at a rate of $70 per day.
Pre-study training
Prior to study enrollment, participants completed two training sessions (3-4 h each) on the computerized cognitive/psychomotor tasks that would be used during the study. On a separate day, they received oral methamphetamine (10 mg) in combination with the largest alcohol dose (0.75 g/kg) to be tested in order to monitor any adverse reactions and provide them with experience with the study drug combination. Because this was a doubleblind study, participants were not informed of the actual medication or dose until study completion.
Design
During this 20-day study participants were housed in a residential laboratory at the New York State Psychiatric Institute in three groups of 3-4 individuals. The study consisted of four 5-day blocks of sessions, during which participants completed visual analog mood scales and cognitive/psychomotor task batteries and had physiological measures assessed. Table 2 provides the study design. Briefly, a capsule (either placebo or active methamphetamine) and a liquid (either placebo or active alcohol) were administered daily, once in the morning and once in the evening. The first day of each block served as a baseline period; only placebo was administered. On the second day of each block, active drug was administered both in the morning and evening. In the morning on the third day of each block, placebo was administered to provide the opportunity to investigate residual drug effects. In the evening on the third day, active drug was administered in order to investigate potential evidence of tolerance. On the fourth and fifth days of each block, participants were administered placebo. These days served as washout a period and also provided the opportunity to investigate residual drug effects. The dosing order was counterbalanced so that no two participants received the same drug combination during the same block.
Procedure
Participants moved into the laboratory on the day before the study began so that they could receive further training on tasks and experimental procedures. The first experimental day began the following morning at 0800 h. Fifteen minutes after awakening at 0815 h, participants completed a visual analog sleep questionnaire and the baseline task battery, composed of the cognitive/psychomotor tasks and the subjective-effects questionnaire (described below). Then, they were weighed (but were not informed of their weight) and given time to eat breakfast. At 0900 h, participants were administered an active methamphetamine or placebo capsule in a private vestibule. At 1000 h, they completed the subjective-effects questionnaire and then were administered an active alcohol or placebo liquid. Then, participants completed three task batteries from 1045 to 1315 h, took a 1.5-h lunch break period, and completed three additional task batteries from 1515 to 1715 h. Participants were given a 15-min break between each task battery. Cardiovascular measures and breath alcohol levels were obtained at baseline and 0.75, 1.5, 2.25, 3, 4, 5, and 6 h post-capsule administration.
Beginning at 1715 h, participants had access to the social area, where they could interact with other study participants and engage in recreational activities. During this period, Note that an important inclusion criteria was that all participants had to report at least past year amphetamine use a Endorsed criteria for current cocaine dependence (DSM-IV-TR) social behavior was recorded as previously described (e.g., Haney et al. 2007 ). Briefly, a computerized observation program prompted recording of each participant's behavior every 2.5 min. Behaviors were classified into private (time spent in bathroom/bedroom) and social (time spent in the recreational area). Time spent in the social area was further divided into time spent talking and time spent in silence. Outcomes were total minutes spent engaging in each behavior per day. Two films were shown daily, beginning at 1715 and 2000 h. At 2045, participants completed the subjectiveeffects questionnaire and cardiovascular measures and breath alcohol levels were obtained. At 2100 h, participants were administered an active methamphetamine or placebo capsule; at 2200 h, participants completed the subjectiveeffects questionnaire and then were administered an active alcohol or placebo liquid. Participants had access to the social area except for brief moments during which they completed the subjective-effects questionnaire and cardiovascular effects and breath alcohol levels were obtained (i.e., 0.75, 1.5, 2, and 3 h post-capsule administration). Lights were turned out at 2400 h for an 8-h sleep period. Participants could smoke tobacco cigarettes ad libitum from 0800 to 2330 h.
Subjective-effects and psychomotor battery
The computerized visual analog questionnaire consisted of a series of 100-mm lines labeled "not at all" at one end and "extremely" at the other end (Hart et al. 2003) . The lines were labeled with adjectives describing a mood (e.g., "I feel…" "irritable," "talkative," "unmotivated"), a drug effect (e.g., "I feel…," "stimulated," "a good drug effect," "a bad drug effect"), or a physical symptom ("I feel nauseous," "I have a headache," "My heart is beating faster than usual"). Additionally, at various time points participants completed a drug-effect questionnaire (DEQ), during which they were required to rate "good effects" and "bad effects" on a 5-point scale: 0="not at all" and 4="very much." They were also asked to rate the drug strength as well as their desire "to take the drug again." Lastly, participants were asked to rate how much they liked the drug effect on a 9-point scale: −4="disliked very much," 0="feel neutral, or feel no drug effect," and 4="liked very much."
The computerized psychomotor task battery consisted of five tasks: (1) the Digit Recall Task; (2) the digit-symbol substitution task (DSST); (3) the divided attention task (DAT); (4) the rapid information task (RIT); and (5) the Repeated Acquisition Task (RA task).
During the Digit Recall task, an eight-digit number was displayed for 3 s on the computer screen. Participants were instructed to enter the number correctly while it was on the screen and again after it had disappeared from the screen. They were also told that they would be asked to reproduce and recognize the number near the end of the battery. This task was designed to assess changes in immediate and delayed recall (see Hart et al. 2001 ).
The DSST is 3-min task (McLeod et al. 1982 ) that consisted of nine random three-row, three-column squares (one square blackened/row) displayed across the top of the computer screen. Each array was associated with a number (1-9). A randomly generated number appeared at the bottom of the screen, indicating which of the arrays should be reproduced on the nine-key keypad attached to the computer. Participants were instructed to reproduce as many patterns as possible by entering the patterns associated with the randomly generated numbers. This task was designed to assess changes in visuospatial processing.
The DAT is 5-min task that combines concurrent pursuittracking and vigilance tasks (Miller et al. 1988 ). Participants tracked a moving circle on the video screen using the mouse, and also had to signal when a small black square appeared at any of the four corners of the screen. Accurate tracking of the moving stimulus increased its speed proportionately. This task was designed to assess changes in vigilance and inhibitory control. Day 10 0900/1000 P/P MA/A2 P/P P/P P/P P/P MA/P P/P P/P P/P 2100/2200 P/P MA/A2 MA/A2 P/P P/P P/P MA/P MA/P P/P P/P Day 20 0900/1000 P/P P/A2 P/P P/P P/P P/P MA/A1 P/P P/P P/P 2100/2200 P/P P/A2 P/A2 P/P P/P P/P MA/A1 MA/A1 P/P P/P Capsule dosing occurred at 0900 and 2100 h; liquid dosing at 1000 and 2200 h All participants completed four 5-day blocks of sessions, one for each dosing condition (i.e., MA/P, MA/A1, MA/A2, and P/A2). Dosing order was varied across participants MA 10 mg methamphetamine, A1 0.375 g/kg alcohol, A2 0.75 g/kg alcohol, P placebo
During the RIT, a series of digits was presented at the rate of 100 digits per min, and subjects were instructed to press a response button as quickly as possible whenever they detected sequences of three consecutive odd or three consecutive even digits (Wesnes and Warburton 1983) . A point was earned for each correct "hit" and a point was deducted for each "miss" or "false alarm." Participants were instructed to earn as many points as possible during the task. This task was designed to assess changes in sustained concentration and inhibitory control.
At the start of the 3-min RA task, participants were instructed to learn a ten-response sequence of button presses. A position counter incremented by one each time a correct button was pressed, and remained unchanged after an incorrect response. The points counter increased by one each time the ten-response sequence was correctly completed. The sequence remained the same throughout the task, but a new random sequence was generated for each subsequent task battery. Participants were instructed to earn as many points during the task as possible by pressing the buttons in the correct sequence. This task was designed to assess changes in learning and memory (see Kelly et al. 1993 ).
Sleep monitoring
Subjective sleep experience from the immediately preceding sleep period was measured by a visual analog sleep questionnaire completed shortly after waking. The questionnaire consisted of a series of 100-mm lines labeled "not at all" at one end and "extremely" at the other end. The lines were labeled: "I slept well last night," "I woke up early this morning," "I fell asleep easily last night," "I feel clear-headed this morning," "I woke up often last night," "I am satisfied with my sleep last night," and a fill-in question in which participants were asked to estimate the number of hours they slept the previous night . Objective sleep was measured by tracking gross motor activity using the Actiwatch® Activity Monitoring System (Actiwatch®; Respironics Company, Bend, OR). This system allowed for calculation of total sleep time, sleep onset latency, sleep efficiency (total sleep time as a percentage of time in bed), and number of wake bouts (Kushida et al. 2001 ).
Drug
Tablets of methamphetamine hydrochloride (Desoxyn, Abbot Laboratories, North Chicago, IL) were repackaged by the Pharmacy Department of the New York State Psychiatric Institute by placing tablets into a white no. 00 opaque capsule and adding lactose filler. Placebo consisted of white no. 00 capsules containing only lactose. Alcohol dose was calculated based on the estimated total body water (TBW) of each participant (Watson et al. 1980) . The volume of all beverages was held constant at 500 ml to control for any alcohol expectancy effects. The placebo beverage consisted of Canada Dry Tonic® water and Ocean Spray Cranberry Juice Cocktail® in a 3:1 ratio. The alcohol beverage consisted of the same mixture, with 100 proof Absolut® vodka added, as needed. The placebo and active beverage for a given individual were isocaloric (no more than a 10-calorie difference between beverages), using regular or low calorie tonic and juice and dextrose or Equal® sweetener. Each beverage was topped with 1 ml of vodka and one drop of peppermint oil. Participants were given 5 min to consume the beverage (Evans and Levin 2003) .
The four drug conditions were: 10 mg methamphetamine combined with a placebo liquid (MA/P), 10 mg methamphetamine combined with 0.375 g/kg alcohol (MA/A1), 10 mg methamphetamine combined with 0.75 g/kg alcohol (MA/A2), and a placebo capsule combined with 0.75 g/kg alcohol (P/A2). These alcohol doses were selected because they reliably increase breath alcohol levels as well as subjective and objective behavioral measures of intoxication in experienced alcohol users (e.g., Evans and Levin 2003) . Additionally, in order to reduce the time burden of participation and because the aim of this study was to compare the effects of the methamphetamine-alcohol combination to the effects of each drug alone, a placebo/placebo condition was not included.
Data analysis
Acute effects (day 2), sleep (days 2-5), and residual effects (days 3-5) Cardiovascular effects, breath alcohol levels, subjective ratings, and cognitive/psychomotor performance data were analyzed using two-factor repeated-measures analyses of variances (ANOVAs): the first factor was drug condition (MA/P, MA/A1, MA/A2, and P/A2) and the second factor was time (time and number of assessments varied depending on the measure, e.g., subjective ratings were assessed at time points baseline, 1.0, 1.75, 2.5, 3.5, 6.25, 7, and 7.75 h after capsule administration). Peak cardiovascular and subjective-effects data were also analyzed, for the sake of brevity, these analyses are included in Table 3 only. Cigarette consumption, social interaction measures, and sleep data were analyzed using a single-factor ANOVA; the factor was drug condition.
Tolerance
Cardiovascular effects, breath alcohol levels, and subjective ratings following the evening dosing were analyzed using a two-factor ANOVA: the first factor was drug condition and the second factor was drug administration number (Admin 1 and Admin 3). The area under the curve (AUC) for the subjective-effects and cardiovascular data was determined using the trapezoidal method (Tallarida and Murray 1981) .
For all analyses, ANOVAs provided the error terms needed to calculate between-drug planned comparisons (MA/P vs. all other doses, MA/A1 vs. MA/A2, and MA/A2 vs. P/A2) and within-drug planned comparisons (acute effects: peak vs. baseline time points; tolerance: Admin 1 vs. Admin 3). p Values were considered statistically significant at less than 0.05, using Huynh-Feldt corrections when appropriate.
Results
Acute effects (day 2)
Breath alcohol levels Figure 1 (top left panel) shows that alcohol systematically increased breath alcohol levels (BAL). Peak BAL were observed 2.25 h after capsule administration (i.e., 1.25 h after alcohol administration) and declined over the next several hours. The effect of alcohol was dose-related in that all alcohol doses caused a significantly greater BAL increase compared to methamphetamine alone and the P/ A2 and MA/A2 doses produced larger increases than the MA/A1 dose (F 21,168 =14.5-366.8, p<0.0001 for all comparisons, d=6.7-33.3). There was no significant difference between the P/A2 and MA/A2 doses.
Cardiovascular effects
Figure 1 (top right and bottom panels) displays cardiovascular measures as a function of drug condition and time. All active drug conditions increased heart rate (HR) above baseline measurements (F 21,168 =35.1-127.1, p<0.0001 for all comparisons, d=2.1-3.3). Furthermore, both MA/A1 and MA/A2 produced significantly greater increases in HR compared to either methamphetamine or alcohol alone and MA/A2 produced larger increases than MA/A1 (F 21,168 = 10.9-30.2, p< 0.005 for all comparisons, d =1.5-2.3). Compared to baseline, all active methamphetamine conditions produced increases on systolic pressure (SP) and the methamphetamine-alcohol combination (both MA/A1 and MA/A2) increased diastolic pressure (DP: F 21,168 =6.6-23.2, p<0.05 for all comparisons, d=0.7-3.3). Alcohol alone did not significantly elevate blood pressure. Subjective effects Figure 2 illustrates the effects of methamphetamine and alcohol on selected subjective-effect ratings over time. The methamphetamine-alcohol combination (MA/A1 and MA/ A2) produced larger increases on ratings of "good drug effect" compared to either drug alone, and P/A2 produced a greater effect than MA/P (F 21,168 =12.5-52.0, p<0.05 for all comparisons, d=1.0-2.0). Conversely, compared to both MA/A2 and MA/P, alcohol alone produced greater increases on ratings of "drunk" (F 21,168 =9.1-17.9, p<0.05 for all comparisons, d=1.5-2.6). No other significant drug effects on cigarette smoking were observed.
Effects on social interactions
There were no significant differences between drug conditions on the total amount of time spent in the social area. However, participants spent a smaller proportion of time talking to other participants following the MA/P dose compared to all active alcohol conditions (MA/P: 10.9% versus MA/A1: 24.8%, P/A2: 28.5%, and MA/A2: 25.2%; F 12,96 =5.8-9.3, p <0.05 for all comparisons, d = 1.3-1.7). No other significant drug effects on social interaction measures were observed on days 1-5.
Tolerance
Cardiovascular and BAL effects Figure 4 (left panel) shows the effects of dosing condition on HR AUC following the first drug administration (Admin 1) and the third drug administration (Admin 3). After Admin 1, both methamphetamine-alcohol combinations (MA/A1 and MA/A2) produced greater increases in HR AUC compared to either drug alone (F 3,24 =26.3-47.0, p<0.0001 for all comparisons, d=1.3-1.9). By Admin 3, however, only MA/A2 produced greater increases in HR AUC compared to MA/P and P/A2 (F 3,24 =11.3-14.5, p <0.005 for all comparisons, d =0.7-0.9). Furthermore, both MA/A1 and MA/A2 produced significantly lesser effects in HR AUC when Admin 3 was compared to Admin 1 (F 3,24 =15.4-26.5, p<0 .0001 for all comparisons, d =0.8-1.6). Drug-related effects on blood pressure were unaltered over time.
Subjective effects
Figure 4 (middle and right panels) illustrates the effects of dosing condition on selected subjective-effect ratings across drug administrations. After Admin 1, the MA/A2 dose produced greater ratings of "good drug effect" AUC and smaller ratings of "drunk" AUC compared to P/A2 (F 3,24 = 10.7-12.7, p<0.005 for all comparisons, d=0.6-0.8). By Admin 3, however, there were no significant differences between P/A2 and MA/A2. Additionally, regarding "good drug effect," both MA/A1 and MA/A2 produced significantly smaller ratings when Admin 3 was compared to Admin 1 (F 3,24 =12.1-14.9, p<0.005 for all comparisons, d=0.7-0.8). Table 4 illustrates other tolerance-related effects on the visual analog scales and the DEQ.
Sleep effects Figure 5 displays the effects of methamphetamine and alcohol administration on objective and subjective sleep measures across days of each study block. Regarding objective sleep measures (Fig. 5 , left panels), on day 2, participants' actual hours slept and sleep efficiency were significantly decreased by all active methamphetamine doses compared with P/A2 (F 12,96 =11.6-30.7, p<0.005 for all comparisons, d=1.2-2.5). Methamphetamine alone reduced both of these measures to a greater extent compared to MA/A2 (F 12,96 =4.6, p<0.05 for all comparisons, d=0.7-0.8). On day 3, MA/P significantly decreased these measures compared to P/A2 (F(12,96)=9.9, p<0.005
for all comparisons, d=1.2-1.3). Similarly, participants' estimated number of hours slept and ratings of "slept well last night" on day 2 were decreased by all active methamphetamine doses compared with P/A2 (F 12,96 = 4.5-45.2, p<0.05 for all comparisons, d=0.8-3.5; Fig. 5 , right panels). Methamphetamine alone reduced both of these subjective measures to a greater extent compared to MA/A2 (F 12,96 =5.0-8.8, p <0.05 for all comparisons, d=0.9-1.3). Table 5 shows additional significant effects produced by methamphetamine and alcohol on objective and subjective sleep measures.
Residual effects
Cardiovascular effects
Figure 6 (top panels) displays mean cardiovascular measures across the work period on the days following active drug administration. On the day following two active drug administrations (day 3 of each block), heart rate remained significantly elevated by MA/P and MA/A2 compared to P/A2 (F 12,96 =7.3-19.4, p<0 .01 for all comparisons, d=0.5-0.8). Conversely, on day 4, SP and DP were significantly elevated by P/A2 compared with both MA/P and MA/A2 (F 12,96 =4.1-8.3, p<0.05 for all comparisons, d=0.3-0.5).
No other significant drug effects on cardiovascular measures were observed on days 2-4.
Subjective effects
Figure 6 (bottom panels) displays residual effects on selected subjective-effects ratings over the course of the work period. On day 3, ratings of "upset stomach" were significantly increased by MA/A2 compared with MA/P Fig. 4 Selected tolerance-related cardiovascular effects and subjective-effects ratings (AUC) as a function of drug condition and day. Error bars represent 1 SEM. Overlapping error bars were omitted for clarity. *MA/A2 significantly different from MA/P (p<0.05). § MA/A2 significantly different from P/A2 (p<0.05). ++ Admin 1 is significantly different from Admin 3 (p<0.05) and ratings of "tired" were significantly elevated by MA/P compared with P/A2 (F 12,96 =4.4-10.5, p<0.05 for all comparisons, d=0.6-1.3). On day 4, ratings of "energetic" were significantly decreased under the MA/A2 condition compared with the P/A2 condition (F 12,96 =5.1, p<0.01, d=0.7). Table 5 shows additional significant residual effects produced by methamphetamine and alcohol on subjective-effect ratings.
Cognitive/psychomotor performance effects
There were no significant residual cognitive/psychomotor effects.
Discussion
The present results show that single-dose, co-administration of methamphetamine and alcohol produced greater increases on cardiovascular measures and feelings of euphoria (i.e., ratings of "good drug effect" and "high") than single doses of either drug alone. Furthermore, the drug combination decreased alcohol-specific feelings of intoxication (i.e., ratings of "drunk" and "sedated") and performance decrements observed with alcohol alone, while attenuating the magnitude of methamphetamine-related sleep disruptions. Overall, the above drug effects were diminished following repeated administrations, indicating that tolerance may have developed to some effects produced by methamphetamine-alcohol combinations. While, for the most part, these results are consistent with data from previous investigations of alcohol combined with various stimulants, including caffeine (e.g., Kerr et al. 1991) , cocaine (e.g., Foltin and Fischman 1988; Foltin et al. 1993 ), D-amphetamine (e.g., , and intravenous methamphetamine (Mendelson et al. 1995) , this is the first study of the consequences of repeated administrations of the methamphetamine-alcohol combination on a wider range of behaviors.
As hypothesized, methamphetamine attenuated many alcohol-related effects. For example, participants performed worse on measures of divided attention and vigilance following administration of alcohol alone. Conversely, on the same tasks, the methamphetaminealcohol combination caused no such performance decrements. Furthermore, following administration of the drug combination, participants reported feeling less "drunk" and "sedated." These results suggest a potential concern because some methamphetamine-using individuals might increase their alcohol consumption in an attempt to achieve the accustomed level of alcohol intoxication, thus leading to a potential increase in alcohol toxicity. Another concern is that some individuals might underestimate their level of alcohol-related impairment on more complicated tasks after ingesting the methamphetaminealcohol combination. Of course, this is speculative; therefore, future studies should investigate choice to selfadminister alcohol following methamphetamine administration as well as the effects of the drug combination on more complicated tasks.
The above concern should not be overstated, however, because of the observation that many of the acute effects produced by the methamphetamine-alcohol combination were dampened following the third drug administration. For example, following the first drug administration, the methamphetamine-alcohol combination produced significantly greater increases on feelings of euphoria (i.e., ratings of "good drug effect") and methamphetamine attenuated alcohol-related increases in ratings of "drunk." Conversely, following the third administration, ratings of "good drug effect" and "drunk" produced by alcohol alone and the methamphetamine-alcohol combination were similar, suggesting that methamphetamine's effects were diminished. This is consistent with an earlier investigation showing that tolerance occurred to many methamphetamine-related mood and sleep effects following repeated administrations of low oral doses . Of course, several alternative possibilities could explain these tolerance-like effects. For example, it is possible that differences between drug administrations could be due to differences in the time of day (i.e., the first drug administration occurred in the morning on day 2; the third administration occurred in the evening on day 3). It is also possible that a dampened response to the drug combination's mood effects was influenced by increased fatigue due to the sleep disruptions that occurred during the previous night. Future studies investigating possible tolerance to the methamphetamine-alcohol combination might address the limitations of the current study by administering the drugs at the same time of day over the course of several days. Based on data from previous studies indicating that methamphetamine reliably disturbed the sleep experience McGregor et al. 2005; Perez et al. 2008) , we predicted that methamphetamine administered both alone and in combination with alcohol would disrupt † MA/P significantly different from P/A2 (p <0.05) sleep. Although we received support for this hypothesis (i.e., objective and subjective sleeps measures were disrupted under all active methamphetamine conditions), an interesting observation was that the large alcohol dose attenuated methamphetamine-related sleep decrements. For example, compared to the methamphetamine alone, the methamphetamine-alcohol combination produced significantly smaller decreases in the number of hours participants slept. Because this is the first published investigation of the sleep-related effects of oral methamphetamine combined with alcohol, it is difficult to relate the present findings with previous research. Nevertheless, it is important to note that there is a large body of evidence indicating that a range of alcohol doses decreases sleep latency and increases total sleep time (for discussion, see Roehrs and Roth 2001) ; thus, it is likely that alcohol counteracted the sleep-reducing effects of methamphetamine. This effect, in addition to the increased euphoria produced by methamphetamine and alcohol, may partially explain why some individuals ingest the drugs simultaneously. That is, methamphetamine users may use alcohol not only to augment the acute subjective drug experience but also to relieve stimulant-associated sleep disturbances. This finding, however, should be interpreted within the context of an important limitation. Most of the current participants did not report regular use of methamphetamine. Therefore, future studies examining the repeated administration of the methamphetaminealcohol combination should include regular methamphetamine users.
We predicted that the methamphetamine-alcohol combination would produce greater residual cardiovascular effects and mood and performance disturbances than either drug alone; we received partial support for this hypothesis. Overall, we observed few residual effects. Although, methamphetamine combined with the large alcohol dose produced sustained increases in heart rate and increased ratings of "upset stomach" on day 3 (i.e., the day following the first and second drug administrations), on other measures, the drug combination seemed to prevent deleterious next-day effects. For example, ratings of "tired" were greater following methamphetamine alone compared to the methamphetamine-alcohol combination. Furthermore, next-day cognitive/psychomotor performance was unaffected by all drug conditions. It is important to note, however, that the dosing procedure in the current study may not mimic the way the drugs are used in the natural ecology. For instance, illicit metham- phetamine is commonly used in substantially larger doses via routes of administration other than oral (e.g., Cho et al. 2001) . It is possible that we would have seen a different pattern of residual effects had we administered larger doses of methamphetamine via a route of administration commonly associated with abuse. Another potential limitation of the current study is that participants were permitted to smoke tobacco cigarettes ad libitum. Because nicotine can acutely affect mood and cognitive/psychomotor performance (Myers et al. 2008; Heishman et al. 2010) , it is possible that the psychoactive effects of nicotine influenced the present results. Our analysis of the number of cigarettes smoked indicated that this variable did not impact response to any subjective, cardiovascular, or performance measures. A related interesting finding was that the methamphetamine-alcohol combination significantly increased the number of cigarettes smoked. This observation is consistent with previous data showing that amphetamine and alcohol alone increases cigarette consumption (e.g., Tidey et al. 2000; Mitchell et al. 1995) . One potential implication of these findings is that individuals who simultaneously ingest methamphetamine and alcohol may be at risk of becoming heavy smokers. Future investigations should directly examine the effects of this drug combination on choice to self-administer tobacco cigarettes.
In conclusion, this study provides evidence that oral methamphetamine combined with alcohol produced a profile of effects that was different from either drug alone. Methamphetamine attenuated many alcohol-related effects on performance and mood, whereas alcohol attenuated some methamphetamine-related effects on sleep. Furthermore, the drug combination produced greater increases on heart rate and subjective ratings of euphoria compared to either drug alone. This constellation of effects might explain why these drugs are often used in combination. One potential concern is that there may be an increased risk for alcohol toxicity if individuals attempt to drink more alcohol in order to achieve the accustomed effects. Another potential concern is that individuals might underestimate their level of alcohol-related impairment and thus might be more likely to engage in risky behaviors such as driving while intoxicated. Therefore, future studies should investigate the effects of the methamphetamine-alcohol combination on (1) performance on more complex cognitive tasks and (2) subsequent choice to consume alcohol. Overlapping error bars were omitted for clarity. *MA/A2 significantly different from MA/P (p<0.05).
§ MA/A2 significantly different from P/A2 (p<0.05).
† MA/P significantly different from P/A2 (p<0.05)
